New longitudinal sleep data spanning ages 6-10 years are presented and combined with previous data to analyze maturational trajectories of delta and theta EEG across ages 6-18 years in NREM and REM sleep. NREM delta power (DP) increased from age 6 to age 8 year and then declined.
Introduction
as suggested by cross-sectional data (20) ? (2) Do the EEG data for ages 6-10 years support our earlier, more limited longitudinal evidence that NREM theta declines before NREM delta? (3) Do the C6 data contradict our previous finding that the steepest decline of NREM delta power occurs between 12 and 16.5 years? (4) Do the maturational trajectories of delta and theta power in NREM sleep differ from those in REM sleep? (5) How do the maturational trajectories of period-amplitude measures of delta wave amplitude, incidence and mean frequency in NREM and REM sleep compare to the maturational trajectories for delta power?
Methods

Subjects
We studied 98 subjects in three overlapping age cohorts. The youngest cohort (C6, n=28, 11 female) began the experiment at approximately age 6 years and was studied for 4 years. The C9 cohort (n=32, 16 female) entered the study at approximately age 9 years and was studied for 7 years. The C12 cohort (n=38, 19 female) entered the study at approximately age 12 years and was studied for 6 years. Thus, the study spanned ages 6 to 18 years, with C6 and C9 overlapping at ages 9-10 years and C9 and C12 overlapping at ages 12-16 years. Subjects who failed to complete 3 years of study were not included in the analyses here which are based on 92 of the 98 subjects originally recruited.
Subjects were recruited with newspaper advertisement and word of mouth. An interview with the parents screened the subjects for the following exclusion criteria: history of head injury that resulted in loss of consciousness, epilepsy, mental illnesses and behavioral disorders, and use of prescription medication with central nervous system effects. Parents provided informed consent, and subjects older than 12 years of age provided assent. Subjects were paid for their participation. The UC Davis Institutional Review Board approved all procedures.
Experiment Design
All-night sleep EEG was recorded semi-annually in the subjects' homes in their habitual sleep environment. For the C6 cohort, sleep EEG was recorded for 2 consecutive nights on their current weekday sleep schedules. For the C9 and C12 cohorts, sleep EEG was recorded for 4 consecutive nights. On nights 1 and 2, subjects adhered to their current school-night sleep schedule. On nights 3 and 4, subjects maintained their school-night bedtimes but were asked to sleep as long as possible, up to 12 hours. For the 5 days prior to the first night of recording subjects maintained their current school-night bedtimes and rise times and refrained from napping. Actigraphy watches were used to monitor compliance. When subjects occasionally deviated from their stipulated schedule, recordings were rescheduled for a later date. Schoolnight sleep schedules changed with age. We required only that subjects maintain their current school-night bed and wake schedules prior to and during the sleep EEG recordings.
EEG recording
Gold-cup EEG electrodes were applied at Fz, Cz, C3, C4, O1 and either O2 or Pz with mastoid electrodes at A1 and A2. EOG electrodes were applied at the right and left outer canthi and on the forehead. Signals were amplified and recorded on Grass H2O (200 Hz digitization rate) or Grass Aura (400 Hz digitization rate) ambulatory EEG recorders. As we reported previously (5), the two recorders have the same low frequency filters and similar frequencyresponse curves over the EEG frequencies described in this article. Signals were recorded versus reference and central versus contralateral mastoid (C3-A2 or C4-A1) was obtained by subtraction.
EEG analysis
Using a computer display of the digitized EEG and EOG traces, each 20 second epoch was scored visually as waking, stage 1, NREM, REM or movement. Scorers used Rechtschaffen and Kales (33) criteria modified by collapsing stages 2, 3, and 4 into a single NREM stage. Artifacts were marked independently of sleep stages. For each night, a second scorer checked the scoring and a senior lab scientist reconciled any differences. Sleep duration data have been previously published (16) .
For each night, the central signal (C3-A2 or C4-A1) with fewer artifacts was chosen for FFT analysis. EEG signals were analyzed with the FFT function of PASSPLUS (Delta Software, St.
Louis) using 5.12 second Welch tapered windows with 2.62 seconds of overlap to produce 8 windows per 20 second epoch. We report here age-related changes in delta (1-4 Hz) and theta (4-8 Hz) power. We also used PASSPLUS to determine the degree to which age-related changes in delta power were due to changes in wave incidence or wave amplitude by using the periodamplitude analysis (PAA) methods we have previously described in detail (18) . We used delta time in band (TIB) to estimate delta wave incidence. TIB is almost perfectly correlated with the actual number of half-waves but has somewhat higher within-subject reliability. Mean frequency was calculated as 0.5 times the number of half waves divided by time in band. We limited PAA to the delta band because theta frequencies are not effectively measured by either the zero-cross or zero derivative PAA algorithms without prior band-pass filtering (23, 41) . See Endnote Age trends in NREM and REM sleep were analyzed separately. School-night sleep durations progressively decreased across adolescence. These changes in total sleep time affect average power. Therefore, we limited the data analyzed to sleep durations commonly seen in 18-year-olds. For NREM sleep, we analyzed all artifact-free epochs in the first 5 hours of NREM sleep. For REM sleep, we analyzed artifact-free epochs in REM periods 2 and 3.
Statistical Analysis
Prior to statistical analyses, data from multiple nights were averaged within a subject for each semi-annual recording. For the C6 cohort, data from nights 1 and 2 were averaged. For the C9 and C12 cohorts, data from nights 1, 2 and 3 were averaged. Night 3 was an extended night, but the first 5 hours of NREM and REM periods 2 and 3 occurred prior to the period of sleep extension. Data from night 4 were excluded because sleep was extended on night 3. All statistical analyses used age as a continuous independent variable even though the Figures display data averaged across subjects for each semiannual recording period.
We previously found, that for ages 9 to 18 years, the age-related decline in delta and theta EEG power during NREM sleep could be described with a Gompertz growth function of the form power = D-A*e -e -C*(age-M) . We use a negative A coefficient to describe decline rather than growth. The terms of the equation are as follows: D is the level of the upper asymptote, A is the difference between the upper and lower asymptotes, M is the age of most rapid decline and C is the relative rate of decline at age M.
With additional data from 6 to 10 years, we now describe the maturational pattern from age 6 to 18 years for delta and theta EEG power not only in NREM sleep but also in REM sleep. We fit a Gompertz function using SAS non-linear mixed effect analysis with the D and A terms random, i.e. varying between subjects. We also separately analyzed the C6 data with SAS mixed effect analysis to evaluate linear and quadratic trends across ages 6 to 10 years. Maturational trends in period amplitude measures were analyzed with linear mixed effect analysis. Mixed effect analysis is well suited for longitudinal studies because it accounts for the inherent correlation between multiple observations on the same subject (35, 40) .
Results
Maturational trajectory of delta power within NREM sleep Figure 1 shows the age curves for NREM and REM delta power (DP) for ages 6-18 years.
We first discuss the NREM patterns found in C6 for ages 6-10 years. DP increased from age 6 to about age 8 years and then declined gradually. At age 10 years DP did not differ significantly from its level at age 6 and did not exhibit a significant linear trend across these ages (F 1,148 =0.98, p=0.32). However, the curvature over 6-10 years apparent in Fig Combining the C6 with the C9 and C12 data allowed us to examine the DP trajectory across ages 6-18 years. A Gompertz function fit to these data showed the age of most rapid decline as 13.32 ± 0.12 years with a 95 % CI of 13.08 -13.56 years. We previously reported that the decline in NREM DP was particularly rapid across ages 12-16.5 and suggested that this was the most rapid period of DP decline. However, because the C6 data peaked at 8 years it was possible that the decline between 8 and 12 years would be equally or more steep. The analyses in Table 1 show this was not the case. The linear decline of DP across ages 12-16.5 years was 2.5 times greater than the decline across ages 8-12 years.
To determine whether the accelerated decline between 12-16.5 years was specific to NREM delta among the EEG measures, we performed the same analyses on delta power in REM sleep and theta power in both REM and NREM (Table 1) Table   2 ). As expected, the maturational trend for NREM delta IA (Fig 2A) closely paralleled that for NREM delta power (Fig 1) . Figure 2B shows that the maturational decline in NREM delta IA (and, presumably, in DP) was heavily determined by the decline in wave amplitude. Thus, the curve for NREM ASA paralleled the curves for both DP and IA. ASA increased from age 6 to peak at about age 7.5 years and then slowly declined between ages 8 and 12 years. After age 12, ASA declined steeply between ages 12 and 16.5 -17 years when its rate of decline slowed.
NREM delta wave incidence, estimated as time in band (TIB)/20 sec epoch of NREM sleep, showed a different age trajectory. TIB showed little change across ages 6-12 years. At about age 12 years, delta wave incidence began a steady decline that continued to age 17.5 years (Fig 2C) .
The deceleration in its rate of decline toward the end of this age range was less pronounced for TIB than for the declines in amplitude and FFT power. The relative linear decline was greater for ASA than TIB: ASA declined at 1.84 µV/year or 4.2%/year whereas TIB decreased by 0.24 sec/year or 1.9 %/year.
In an analysis similar to that performed for NREM DP, we compared the rates of change between 8-12 years and 12-16.5 years for period amplitude measures. The slopes for NREM delta wave amplitude, incidence and mean frequency were each significantly greater across 12-
than across 8-12 years.
Delta waveforms in REM Sleep: As was true for NREM sleep, the age curve for delta IA in REM sleep (Fig 3A) closely resembled the curve for REM DP (Fig 1) . The rate of decline in REM delta wave amplitude (4.0%/year) (Fig 3B) was virtually identical to that in NREM sleep (4.2%/year). However, delta wave incidence (TIB, Fig 3C) in REM sleep declined more with age (3.3%/year) than in NREM sleep (1.9%/year).
Delta mean frequency in NREM and REM Sleep:
The changes in delta wave amplitude and incidence were accompanied by changes in delta wave mean frequency (Fig 4) . For the EEG of both NREM and REM sleep, mean frequency of delta waves increased significantly (p<0.0001) from age 6 to 18 years; however, the maturational patterns differed for NREM and REM.
Between ages 6 and 10 years, mean delta frequency in NREM sleep did not change (p=0.93) with age in the C6 cohort. For REM sleep EEG, mean frequency increased significantly by 0.017 Hz/yr (p<0.0001) between ages 6 and 10 years in the C6 cohort. From age 10 to 18 years, delta mean frequency increased steeply and significantly (p<0.0001) for both NREM and REM sleep.
Maturational trajectories of Theta Power in NREM and REM Sleep
In contrast to delta power, theta power showed similar age trends in NREM and REM sleep (Fig. 5) . In both sleep states, theta power changed little between ages 6 -7.5 years. From about age 7.5 years, NREM and REM theta power decreased steadily to age 16-17 years when its decline slowed. A Gompertz function fit to NREM theta estimated the age of most rapid decline at 10.43 ± 0.55 years (95% CI 9.33-11.52 years). This estimate was significantly earlier than the estimate of 13.32 years for the age of most rapid NREM delta decline. The Gompertz function for theta power in REM sleep had an estimated age of most rapid decline (10.98 ± 0.16 years) that was similar to that in NREM. Furthermore, the 95% CI (10.7-11.3 years) for age of most rapid decline in REM overlapped the 95% CI for NREM. Separate analysis across ages 6 -10 years for NREM theta power showed a linear decline (F 1,148 =40.7, p<0.0001) without significant curvature (quadratic component p=0.49). REM theta power across ages 6-10 years also showed a significant linear decline (F 1,155 =30.2, p<0.0001). In addition, REM theta power over this age range showed a nonsignificant trend toward curvature across ages 6-10 years (quadratic component p=0.059).
Discussion
To facilitate this discussion, we first briefly outline the conceptual models we use to interpret these results. We proposed that NREM sleep reflects processes in which changes produced by waking brain activity are reversed and that the intensity of reversal is proportional to high amplitude EEG slow waves (11) . The amount of NREM reversal needed is determined by prior wake duration and the intensity of brain activity during waking, with intensity indexed by cerebral metabolic rate (CMR). Subsequently, we proposed (20) that age changes in CMR are proportional to the age changes in cortical synaptic density observed by Huttenlocher (28), i.e. that higher levels of synaptic density produce more intense neuronal activity and, hence, higher levels of waking CMR. This increases the need for sleep recuperation, i.e. NREM delta. The model of Tononi and Cirelli (39) postulates that the homeostatic need for neuronal recovery during sleep results from an increase in synaptic "weight" during waking. Synaptic weight is reversed by "synaptic downscaling" during NREM delta sleep. Whatever the underlying neuronal mechanisms, the increase in NREM delta EEG in infancy and early childhood should reflect synaptic proliferation and its stimulating effects on CMR (and synaptic "weight"); conversely, the decline in NREM delta power over adolescence is driven by synaptic elimination, indirectly through its effects on CMR and synaptic "weight", and directly through its influence on EEG amplitude.
Age trajectory of DP in NREM sleep: The C6 data reveal that DP increased from ages 6 to 8 years and then declined. We interpret this result as indicating that post-natal synaptic proliferation continues to age 8 years, when synaptic elimination supervenes. The finding that delta power peaks in the second half of the first decade of life is consistent with our earlier cross sectional findings (20) . They showed that the ontogenetic curves for delta amplitude parallel the curves for synaptic density and CMR and that all three brain measures peak in the first decade of life and then decline steeply across adolescence (20) .
Our previous analysis of C9 and C12 data suggested that the DP decline is steepest between 12-16.5 years. We used the C6 data to test the possibility that a faster decline occurs earlier, ie between 8 and 12 years. Our analyses ruled out this possibility. Between 12 and 16.5 years, NREM DP declines 2.5 times faster than between 8-12 years, indicating that the highest rate of synaptic elimination occurs between ages 12 to 16.5 years. The DP data presented here are for recordings at electrodes C3 or C4. Similar analyses for Fz and Cz also show the steepest delta decline across 12-16.5 years. This was not true for O1; the occipital lobe completes synaptic elimination prior to adolescence (29) . Our topographic results are also consistent with recent findings by Kurth, Huber and colleagues who recorded high density EEG in subjects ranging in age from 2.4 to 19.4 years (32) . Their data also show an earlier maturation in the occipital regions and the general "back to front" maturational pattern reported with structural MRI (26).
Furthermore, a direct comparison of structural MRI and EEG provides data consistent with our hypothesis that maturational changes in sleep EEG provide good markers of the brain changes involved in adolescent brain maturation (4).
In fact, we would argue that current methods of sleep EEG analysis are superior to current measurements of structural MRI for evaluating adolescent brain maturation. Thus, structural MRI has not identified the high rate of change between ages 12-16.5 years (25, 31, 34) . Some of these imaging studies may have lacked sufficient age resolution because they were crosssectional. However, longitudinal MRI studies also have not detected accelerated maturational change between 12-16.5 years. The resolution of these studies may have been limited by relatively few repeated measurements. Our data are based on 8 multiple-night sleep recordings at 6 month intervals in C6 and 12 to 14 multiple-night recordings at 6 month intervals in the older cohorts. In addition, the extremely high within-subject reliability of computer-measured sleep EEG (36, 42) probably added to the resolution of these age changes.
We emphasize the high rate of maturational change between 12-16.5 years because it could guide future research. Assuming that these EEG changes are driven by genetic programs, investigators could seek developmental (apoptotic?) genes whose expression is initiated around age 8 years, increases around age 12 and decreases at about age 16.5 years. The high rate of NREM delta maturation across ages 12-16.5 years also recommends it as a fruitful period for studies of cognitive development: this age period seems to mark a major transition from child to adult levels of cognitive "power" (c.f. discussion in (13)).
Any search for the mechanisms driving the sleep EEG changes of adolescence must consider possible links to pubertal development. Despite the existence of a sex difference in onset of the DP decline (6) , it has been difficult to demonstrate a relation between pubertal change and the adolescent sleep EEG changes when age is controlled. We recently identified such a relationship in our C9 and C12 subjects. In both sexes, earlier pubertal development predicted significantly earlier DP decline (8) . Further research is needed to determine whether this finding indicates that neuroendocrine systems drive sleep EEG maturation or whether both are time-linked to some master neurodevelopmental program.
It is important to note that NREM delta power continues to decline after adolescence at a slow but still appreciable rate (15, 22, 38) . The delta decline during adulthood has traditionally been ascribed to aging (degenerative brain change). We have summarized evidence (14) arguing against two qualitatively different causes: maturational in adolescence and aging in adults.
Others disagree (30) . The resolution of this question will be important for understanding of brain ontogeny.
Age Trajectory of DP in REM Sleep: Baker et al (1) noted that in addition to NREM DP, DP within REM sleep declines during adolescence. Our data expand on their finding and show that the age trajectory of DP in REM sleep differs markedly from its NREM trajectory (Fig. 1) .
Interestingly, the DP trajectory in REM more closely resembles the theta power trajectories in both NREM and REM sleep than it does the DP trajectory in NREM. This finding suggests an interpretation of the functional significance of REM DP. Neurophysiologically, REM sleep is a state of partial arousal with many elements common to waking. The age-associated decline of delta power in REM sleep might, therefore, be produced by maturation of the same arousal systems that underlies the clinically-observed disappearance of delta waves from the waking EEG during the first ~15 years of life (24) .
Age Trajectory of Theta Power: Preliminary evidence from the C9 and C12 cohorts indicated that NREM theta power declines earlier than does NREM delta power (7). This finding is robustly confirmed by the C6 results. These different age trajectories of delta and theta EEG in NREM sleep pose a conundrum because, as we noted in our Introduction, NREM delta and theta power otherwise share important biological properties: both decline across NREM sleep (5), increase after sleep deprivation (3), are decreased following napping (44) , and decline strongly across childhood-adolescence (7). However, their different age trajectories indicate they have different functional correlates. Here, we hypothesize a broad functional difference based on the similarity of the delta age trajectory in REM sleep to the theta trajectories in both NREM and REM. If we are correct in hypothesizing that the age-related decline in REM delta power reflects maturation of cortical arousal systems, the similarity of the age curves of theta power to the REM delta trajectory suggests that theta EEG during NREM sleep might also reflect the recuperation of cortical arousal systems. It is well-established that the waking state requires input from the brain stem reticular activating system (RAS). In producing the waking state, RAS stimulation must increase the responsivity of large populations of cortical neurons. This effect may itself produce a need for sleep recuperation carried out during NREM theta. Thus, we speculate that the EEG slow waves of NREM sleep reflect two general restorative processes.
One (NREM theta) reverses neuronal changes produced by waking itself. The second (NREM delta) reverses some of the changes produced during waking in plastic neuronal systems that perform information-processing and memory formation.
Maturational changes in delta waveforms: Period-amplitude analysis showed that the maturational decline in NREM delta wave amplitude was greater than the decline in delta incidence. In addition, the age curves for amplitude more closely paralleled the curves for FFT power than did the curves for wave incidence. In REM sleep, the differences between the decline rates of delta wave amplitude and incidence were less marked than in NREM sleep. These changes in amplitude and incidence were accompanied by a strong age-dependent increase in average delta wave frequency. This age trajectory for mean frequency differed in NREM and REM sleep for the C6 but not the two older cohorts. The different maturational patterns of delta wave amplitude and incidence in NREM sleep raises the possibility that they reflect different aspects of the hypothesized processes of sleep recuperation. Further interpretation would require knowledge of the cellular and molecular processes involved.
These observations suggest that normal brain maturation could provide a useful experimental model for elucidating the mechanisms that underlie EEG oscillations. Standard theory holds that the amplitude of EEG waves is determined by synchronous, slow changes in the membrane potentials of large populations of cortical neurons (10) . Therefore, the decreasing neuronal connectivity produced by synaptic elimination could decrease the size of the cortical populations whose potentials oscillate synchronously, decreasing EEG amplitudes (13) . Wave incidence is thought to be driven by subcortical pacemakers (9) . Despite its plausibility, we still lack mechanistic proof for this model. Such evidence might be obtained by using the maturational changes in non-human primate sleep as a research model. Perspectives and Significance: This paper marks the completion of data collection in a 10-year longitudinal study of child-adolescent sleep EEG. This study has contributed new observations on sleep durations, the age trajectories of NREM and REM delta and theta EEG, the emergence of daytime sleepiness, sex differences, and the temporal link between EEG and pubertal maturation. Future publications will describe the trajectories of other EEG frequencies and overall EEG spectra. With the support of NIMH, the unique dataset we have collected will be archived on the NIH National Database for Autism Research (NDAR). The data, to be available to all researchers, will include raw and analyzed sleep EEG, height, weight, and Tanner stage at each measurement point. The data can be used to verify our findings or to perform entirely new EEG and statistical analyses. It is already clear that the sleep EEG changes robustly with adolescent brain development. Understanding these electrophysiological brain changes will shed light on both the mechanisms of post-natal brain maturation and which in turn could provide new insights into the function of sleep. Moreover, since major mental illness often begins in adolescence, developmental sleep EEG changes are clinically significant. Observations on sleep EEG stimulated the "synaptic pruning" hypothesis of schizophrenia (13) and the complex patterns of post-natal sleep EEG maturation gave rise to the hypothesis that the 1% incidence of schizophrenia reflects a stochastic error in adolescent brain development rather than the frequency of a specific abnormal gene (12) , a possibility that recently received experimental support (43) .
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Endnote
In addition to 1-4 Hz, we examined the PAA data separately for 1-2 Hz because some investigators have found that these frequencies show the highest agreement with FFT delta results (23, 41) . In our data, the 1-2 Hz band included ~70% of the FFT power. Because the age curve for 1-2 Hz was nearly identical to the 1-4 Hz curve, we present the latter, more inclusive data. Estimates of intercept and slope, standard errors (se) and confidence intervals (CI) are from linear mixed effect analysis. Only for NREM delta is the decline significantly steeper between 12-16.5 years than between 8-12 years (i.e. CIs do not overlap). 
